Nanotechnology is a novel technological field said to be one of the key technologies in the 21st century revolutionizing information technology, materials and medicine. Bibliometric quantification is a way to show the emergence of a new technology. Braun et al. ~ could establish an exponential growth pattern of publications in nano-science and technology starting in the early 1990s. Using their study as basis we intend to further characterize uanotechnology using bibliometric as well as patent data. We can show that the share of boundary-spanning publications is exceptionally high in the field of nanotechnology. Our co-authorship analysis indicates that countries foIlow different patterns of collaboration. Some countries tend to have bilateral relations while others collaborate with a much larger array of nations. Patent data in combination with bibliometric reveals differences in the application of science. In our conclusion we raise a number of questions requiting an analysis using also other types of data. Still, a closer investigation and disaggregation of bibliometric data may come up with additional findings.
Introduction
Nanotechnology is an emerging technological field. As a recent study shows, there is little consensus on what exactly is nanotechnology. 2 However, Franks' definition 3 of nanotechnology as 'the technology where dimensions or tolerances in the range 0.1 to 100 nm (from the size of an atom to the wavelength of lighO play a critical role' seems to have commanded wide acceptance. 4 In practice, the label 'nanotechnology' also includes methods used to build structures up to a micron. 5 A number of technology foresight studies 4'6-11 identify nanotechnology as a key technology in the 21 st century revolutionizing information technology, materials and medicine.
Bibliometric quantification is a way to show the emergence of a new technology. In their study, Braun et al., could show that a new scientific and technological field has 0t38-9130/98/US $15.00 Copyright 9 1998 Akaddmiai Kiad6, Budapest All rights reserved been born. They could establish an exponential growth pattern of publications in nanoscience and technology starting in the early 1990s.
While the Braun study emphasized the emergence of the field as such, we see our paper as a contribution to characterize nanotechnology. Mostly following the approach chosen by Braun et al., we can show the interdisciplinary nature of nanotechnology. We also look at differences among countries. By including patent data in our study we can illustrate the impact nations have on the emergence of a technology.
Method
As far as possible we used the approach chosen by Braun et al. when counting nano-papers in the Science Citation Index. As Braun et al., we retrieved articles that contained the prefix 'nano' in their title. We excluded a smaller number of terms as irrelevant to the topic, such as nanosecond, nanoampere, nanogram. 12 Already the exclusion of a few irrelevant terms brought us close enough to Braun's results. Table 1 shows how close our results have come to those of Braun et al. The small differences between our and Braun's study demonstrate the reliability and replicability of their study. Table 1 Comparison of our sample of nano-papers with Braun et al.
Publication
N of articles N of articles year in our study in Braun et al   1991  274  254  1992  450  425  1993  686  545  1994  1047  1049  1995  1366  1406  1996 1607 n.a.
Interdisciplinarity

Distribution of papers by field
Using our database, we had a look at the distribution of nano-papers according to the journal based classification developed by Katz and Hicks. 13 As Table 2 indicates,
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Scientometrics 42 (1998) most nano-papers are published in the major field of natural sciences. However, multidisciplinary publications and papers in the engineering and materials sciences play a prominent role. Especially the strong position of multidisciplinary papers is striking. The subfield-distribution underlines this finding (Table 3 ) which shows the interdisciplinary character of research in nanotechnology. Counting all interdisciplinary subfields, one obtains, as seen, a total of 1140 papers. If one adds the 154 interfield nanopapers, one comes to a number of 1299 papers that are of a cross-boundary nature. Altogether, cross-boundary subgroups would take rank 2 after physical sciences. In Hicks' and Katz' study, 13 81 percent of all UK papers were published in single-field journals while the correspor/ding figure for the nano-papers were 72 percent.
The subfield classification underpins also the importance of materials. This is plausible given the nature ot~ materials and engineering as interdisciplinary sciences. Counting all materials-related papers One comes to a total of 1807. This is almost as much as can be found for physics.
Growth
Looking at the percentage distribution of nano-papers one can establish some trends. We calculated a linear slope coefficient based on the annual shares of major fields as well as subfields (Growth columns in Tables 2 and 3 Their shares dropped by more than a half and three forths, respectively, leading to coefficients of-2.3 and -1.5. a The growth rate is calculated as a linear slope coefficient based on the annual shares of the respective major fields. b The SPRU-classification scheme is based on ISI 1994 journal set. ISI add journals and drop journals.
Ten of the 30 unknown papers are in journals without ISl-classification anymore; the remainder of 20 unclassified papers has been published in newly added journals.
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Scientometrics 42 (1998) A look at the subfield results gives a more detailed view. There we see that the growth of nano-papers with a natural science classification is not uniform. Thus the slope of chemical nano-publications is twice as steep as the one of physical nanopapers.
The growth in share of nano-papers in the major field of multidisciplinary publications is due to the subfield of interdisciplinary natural-engineering and materials science. While the shares of other multidisciplinary sciences are decreasing, this subfield could increase its share by more than a third. Its slope coefficient equals 1.2. An interesting observation in this connection is the decrease in share of publications in materials science (-1
Patterns of collaboration
The key players
With our database we could identify the leading countries in nanopapers. Not surprisingly, the US, Japan and Germany are heading the list. An interesting finding, however, is the relatively strong position of China. Table 4 shows the distribution of papers by country. Scientometrics 42 (1998) A look at the institutions publishing seems to underline our results for the countries (Table 5 ). Japanese and American institutions are heading the list with the Chinese Academy of Sciences as no. 1. 
Co-authorship analysis
We conducted a co-authorship analysis. Figure 1 illustrates our results in a country co-authorship matrix. An interesting finding is that, looking at the leading countries, one can distinguish different pattems of collaborations. On the one hand, there are countries whose researchers collaborate with colleagues from a variety of countries. On the other hand, researchers in certain other countries prefer to co-author papers with colleagues in only a few other countries.
Thus the US with 311 out of 1538 co-authorships are cooperating with every country included in this matrix. Germany and France come quite close to this range of collaborations. However, Japan and China, countries that are big in publishing, do not collaborate internationally to the same extent. They seem to collaborate selectivelywith the other leading countries only. Japan seems to have serious collaborations only with the US, Germany, France, the UK and China. China itself has close collaborations with Germany, the US and Japan. This restricted set of rather intensive collaborations, as we can observe it for China and to a certain extent for Russia too, raises the question whether it is science quality or science policy that is creating the links. Are there any major breakthroughs coming from these countries, as the high number of nanopapers from China and Russia might suggest, or is it just a matter of science policies establishing these collaborations? 
Fig. 1. Country co-authorship matrix
Differences in application
Along with studying the emergence of a novel technological field goes the question to which degree scientific findings have been applied already. In this context, bibliometric data as such and on its own is of little help. Thus we also look at patent data in order to compare publishing with patenting activity of countries. However, it should be stressed that one cannot establish any causal links between papers and patents. But referring to earlier work by Narin and his colleagues 14 on patented technology in the USA and the underlying science base, one could expect that a country that has high paper counts does well in patenting too, especially in a science-based field such as nanotechnology. In their study Narin et al. could show that the within-country connection between basic science and applied technology is especially profound in the highly scientific areas of technology. A recent study by the same group underpins these findings. 15 By tracing the rapidly growing citation linkage between US patents and scientific papers, Narin et al. could show a strong national component, with each country's inventors preferentially citing papers authored in their own country, by a factor of between two and four.
Scientometrics 42 (1998)
201
We applied a similar search strategy to US patent data as we did earlier on in our bibliometric search mostly using the terms Braun et al. chose too. 16 Thereby we found more than 2000 nano-patents for the search period 1990-1997. Table 6 gives an overview of patenting activities in relation to publications. It contains publication and patent counts for countries with patents held in nanotechnology.
As for the assumption, our data is inconclusive. On the one hand, we found some proof for the notion that countries which are big in publications are also big in patenting. At least the top five countries are the same and this even in the same order. 17
On the other hand, we can show that there are countries that publish and patent in different manners. For instance, small industrialized countries, such as Norway and Finland, and, with Taiwan, also newly industrializing countries seem to achieve exceptionally good science-technology ratios, implying big in papers does not necessarily mean big in patents too. This leads to the question: What are the underlying factors for these differences in publishing and patenting? a Due to the use of US patent data, the results for the US are deterred and should not be overestimated.
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Scientometrics 42 (1998) It should be noted that the simple relation of publications and patents we used is too crude a measure to make reliable statements about a connection between patenting and publishing activities of countries. It is meant as a first step to get an overall idea of what is going on. For more reliable results, one needs to go to the patents themselves and look at the extent to which they cite domestic scientific papers.
Conclusions
Our bibliometric study has raised a number of questions. We could show that the share of boundary-spanning, interdisciplinary and interfield publications is exceptionally high and still growing. This makes one wonder why nanotechnology is interdisciplinary to such an extent and why this trend seems to continue. Is it a typical phenomenon for emerging technologies? Is it because science is dex~eloping more rapidly in areas that are carried out in an application context, as Gibbons et al. 18 suggest? Another interesting question is what are the reasons for the varying developments of the different disciplinary fields? An analysis of citation frequencies might help identify some breakthroughs as explaining factors.
Our second major finding was that countries follow different patterns of collaboration. Some countries tend to have bilateral relations while others collaborate with a much larger array of nations. Why? Are there some historical or social reasons? Are there any multi-country projects that stimulate links between participating countries? Does the amount of international collaboration has any effect on domestic cooperation?
Finally our results from the comparison of publication and patenting activities indicate differences in the application of science between countries. Smaller countries, industrialized as well as newly industrializing did exceptionally well. Thus: What are the underlying factors for these differences? Is size the explaining factor here? Or do differences between the national innovation systems play the decisive role? A comparison of countries' science bases and endowments with high-technology enterprises would be interesting here.
The answer to those questions, however, won't be entirely a bibliometric one. We just started mapping a radically new, emerging technology on the macro-level mostly looking at countries as unit of analysis. But the questions raised require a more detailed analysis on a less aggregated level. Finding answers why nanotechnology is so interdisciplinary, why there are differences in collaboration patterns as well as sciencetechnology transfbrmation, requires an analysis using also other types of data. Still, a closer investigation and disaggregation of bibliometric data may come up with
Scientometrics 42 (1998) 203 additional findings. Especially looking at citations of scientific papers in patents seems to hold some promise.
